The applicability of the DNA sandwich hybridization method to detection of bacterial DNA from crude samples is demonstrated using Escherichia coli as a model. In sandwich hybridization the sample DNA mediates the binding of a labeled probe DNA fragment to a second DNA bound on filter. For this study the DNA reagents were prepared by subclonings from a recombinant plasmid containing the E. coli K-12 ompA gene and an adjacent fragment of E. coli DNA. The 5' half of the ompA gene (738 base pairs) in pBR322 served as the filter reagent. The 3' half of the ompA gene (300 base pairs) and the adjacent 1,500 base pairs of E. coli DNA were cloned into the single-stranded phage vector Ml3mp7, and the resulting recombinant phage DNA was labeled with 1251 and used as probe in the hybridizations. For maximal hybridization the DNA reagents had to be present in excess of the sample nucleic acid, which was preferably fragmented before testing. In the optimized test, 3 x 106 molecules of E. coli DNA from lysed cells were detected by an overnight reaction; the sensitivity of the test was not affected by the presence of 109 unrelated bacteria. With the ompA reagents, all members of the family Enterobacteriaceae tested were detected even if the sensitivity was decreased as compared with that for the homologous bacteria. With all other bacteria, including aerobic and anaerobic species of clinical importance, the test was negative. These findings suggest that it may be possible to find group-specific reagents to be used in diagnostic bacteriology.
The applicability of the DNA sandwich hybridization method to detection of bacterial DNA from crude samples is demonstrated using Escherichia coli as a model. In sandwich hybridization the sample DNA mediates the binding of a labeled probe DNA fragment to a second DNA bound on filter. For this study the DNA reagents were prepared by subclonings from a recombinant plasmid containing the E. coli K-12 ompA gene and an adjacent fragment of E. coli DNA. The 5' half of the ompA gene (738 base pairs) in pBR322 served as the filter reagent. The 3' half of the ompA gene (300 base pairs) and the adjacent 1,500 base pairs of E. coli DNA were cloned into the single-stranded phage vector Ml3mp7, and the resulting recombinant phage DNA was labeled with 1251 and used as probe in the hybridizations. For maximal hybridization the DNA reagents had to be present in excess of the sample nucleic acid, which was preferably fragmented before testing. In the optimized test, 3 x 106 molecules of E. coli DNA from lysed cells were detected by an overnight reaction; the sensitivity of the test was not affected by the presence of 109 unrelated bacteria. With the ompA reagents, all members of the family Enterobacteriaceae tested were detected even if the sensitivity was decreased as compared with that for the homologous bacteria. With all other bacteria, including aerobic and anaerobic species of clinical importance, the test was negative. These findings suggest that it may be possible to find group-specific reagents to be used in diagnostic bacteriology.
Nucleic acid hybridization has been for years an indispensable method in research laboratories to identify DNA and RNA in a sensitive and specific way. The method is becoming available for more routine applications like diagnostics, mainly due to the rapid progress in recombinant DNA techniques enabling efficient production of probe molecules with the desired specificity.
Nucleic acid hybridization has large potential applications for rapid microbial diagnostics in situations where the presence of a microbe is more conveniently shown by direct demonstration of some of its components than by cultivation and subsequent identification on biochemical basis. Examples of such cases include the following: (i) anaerobic bacteria for which the culture methods are often inadequate or too time consuming, but which are present in high enough quantities (e.g., in pus specimens) to allow direct detection; (ii) Mycoplasma spp., which are difficult to demonstrate in respiratory secretions with the present methods; (iii) infections in which the onset of antibiotic treatment interferes with bacterial growth; (iv) infections in which the presence of a virulence-determining gene allows distinction between pathogenic and apathogenic strains of a microbe (17, 18) , and (v) antibiotic resistance, which may be demonstrated by the identification of the responsible gene (8) .
Colony hybridizations are usually carried out on membrane filters to which the sample is fixed. Bacterial colonies can be grown on filters and lysed, followed by denaturation of the DNA and its fixation to the filter in situ (10) . If enrichment culture is not required, fixing of the sample to the filter is time consuming and therefore undesirable. We have recently developed a nucleic acid sandwich hybridization technique in which this problem is circumvented by keeping the sample in solution (18a) . Nevertheless the hybrids are collected on filters. The sandwich hybridization method requires two separate nucleic acid reagents that are derived from two nonoverlapping regions of the microbial genome to be identified. One of the fragments is immobilized onto a filter, whereas the other is radiolabeled and used as a probe. Because the reagents have no common sequences, no hybridization takes place without a sample or with an incorrect sample of nucleic acid. When present in the reaction, a nucleic acid homologous to the reagents will hybridize both to the filter and to the probe, thereby binding the probe to the filter. The principle of the sandwich hybridization is shown in Fig. 1 . The method has been basically characterized with adenovirus as a model (18a) . Furthermore, we have shown that adenovirus could be diagnosed by the nucleic acid sandwich hybridization test from mucus aspirates from patients with respiratory infection (22a) .
In this paper the possibility of using the sandwich hybridization for the detection of bacteria is reported. The (12) and that from Shigella dysenteriae, Enterobacter aerogenes, and Serratia marcescens have been cloned (6) , and the nucleotide sequences for the E. coli (1) and S. dysenteriae ompA genes (3) have been determined. With fragments of this conserved gene as reagents in the sandwich hybridization also, several other members of the Enterobacteriaceae could be detected in the present study. This indicates that by proper selection of reagents either group-or strain-specific bacterial diagnosis is possible by nucleic acid hybridization.
MATERIALS AND METHODS Bacterial strains, culture conditions, and cloning vector. The bacterial strains used in this study are listed in Table 3 . Overnight cultures at 37°C were used unless otherwise specified. Yersinia enterocolitica (48 h of growth at 22°C) and Vibrio cholerae were grown in Penassay broth (8 (4) . The rest of the bacteria (see Table 3 ) were grown in L broth (13) . The numbers of bacteria in each sample were estimated from colony counts obtained after plating appropriate dilutions on solid media. The handling of the anaerobic bacteria took place in an anaerobic cabinet (Cabco 800; Cabco, Sunnyvale, California). The cloning vector, bacteriophage M13mp7, and the host E. coli K-12 JM103 (15) were from Bethesda Research Laboratories, Inc., Rockvile, Md. E. coli K-12 JM103 was propagated in YT medium and stored on minimal agar plates (16) .
Cloning procedure and preparation of phage, plasmid, and bacterial DNA. Cloning into the single-stranded M13mp7 phage vector (Fig. 2) , identification of clones, and purification of the hybrid phage were performed as described by Messing et al. (15) , Heidecker et al. (11) , and Gardner et al. (9) . Isolation of the recombinant plasmid pKTH 45 (Fig. 2) was performed as described by Clewell and Helinski (5). Plasmid DNA was further extracted with phenol at low pH to remove chromosomal host DNA contamination (24) . The isolation of chromosomal DNA from E. coli K-12 HB101 was as described by Marmur (14) . The number of DNA molecules from E. coli was calculated by using a molecular weight of 2 which results in about 70% saturation compared with the hybridization at infinite time (18a).
Intact bacterial DNA was rendered single stranded by boiling in low-ionic-strength solution or in a mild alkaline solution. Fragmentation by sonication or mechanical shearing was included in some of the treatments. Table 1 shows that mere denaturation is not a fully satisfactory treatment for efficient detection. Slight fragmentation, achieved either by boiling in mild alkali or shearing by forcing through a hypodermic needle, resulted in a larger number of labeled hybrids at otherwise identical conditions. On the other hand, the smaller fragment size obtained by sonication, which was below 2,400 bp after 2 s and below 700 bp after 20 s of sonication, was found harmful. The fragmentation level was determined by electrophoresis on agarose gels (data not shown).
The DNA concentration on filters should be in large excess as compared with the sample concentration so that it is not rate limiting in the hybridization. It was observed that 2 x 1011 molecules of the fragmented and denatured pKTH45 plasmid DNA was saturating when using sample DNA concentrations at least up to 2 x 108 molecules per 0.4-ml reaction. Higher quantities of DNA on the filters resulted in an increased background caused by a slight contamination of chromosomal DNA of host E. coli origin in some of the purified plasmid DNA batches.
Probe DNA should also be present in excess of the sample DNA to favor the formation of labeled filter bound hybrids. No self-annealing of the probe can occur because of its single strandedness. Figure 3 shows the hybridization efficiency with various concentrations of the probe at a constant sample DNA concentration (5 x 107 molecules per reaction). A 60-fold excess of the probe (14.5 ng) was saturating. The probe quantity of about 1.5 ng (200,000 cpm) normally used in the hybridization is saturating with sample concentrations up to 5 X 106 molecules per reaction.
Sensitivity of the sandwich hybridization in the detection of E. coli DNA. The sensitivity of the method in detecting either purified E. coli DNA or lysed bacteria was studied (Fig. 4) . The hybridizations were carried out for 17 h with a constant amount of the probe, but otherwise at optimal conditions. The bacterial cell lysis was monitored by following the decrease in absorbance at 660 nm, indicating complete removal of light-scattering particles. Amounts of 3 x 106 to 5 x 106 molecules of E. coli DNA could be detected from either lysed bacteria or after the addition of purified DNA to the reactions. The addition of more than 5 x 108 E. coli cells to the test resulted in a lower detection level than when detecting denatured and fragmented purified DNA. Nevertheless, the addition of up to 109 unrelated bacteria to a reaction containing a small amount of E. coli bacteria did not interfere with the detection sensitivity (Table 2) . Thus, a high concentration of bacterial debris did not decrease the sensitivity of the assay. Neither was the observed inhibition due to the presence of partially fragmented ompA mRNA, since extensive RNA hydrolysis (i.e., 0. 37°C, followed by 100°C for 5 min) did not affect the result.
Specificity of the DNA reagents in the sandwich hybridization. Because of the known relatedness of the ompA genes in the family Enterobacteriaceae it was assumed that the E. coli ompA gene could be used as a group-specific reagent. Table 3 shows that all bacterial strains belonging to the family Enterobacteriaceae were positive in the test. Serratia and Proteus species were only weakly positive. However, with seven times higher amounts of cells the positive reactions were confirmed (data not shown). The radioactivity bound to the hybrids varied depending on the bacterial strain tested, reflecting a different degree of homology within the ompA gene and the neighboring stretch of DNA. All other gram-negative bacteria, both aerobic and anaerobic, were negative, as well as the grampositive B. subtilis, indicating specificity of the reagents.
To determine how much of the observed cross-hybridizations (Table 3) were due to homology within the ompA gene, two separate labeled probe molecules were prepared from the plasmid pKTH41 (Fig. 2) . After digestion with TaqI, one fragment specific for ompA and one specific for the cryptic E. coli DNA fragment adjacent to the ompA gene were generated. The fragments were separated by polyacrylamide gel electrophoresis, eluted, and labeled with subsequent hybridizations. Table 4 shows that all enterobacteria were positive in the ompAspecific test, although the reaction was weak with Serratia, Proteus, and Yersinia. Again higher amounts of bacteria gave clearly positive hybridization. Also, the E. coli cryptic DNA region cross-hybridized with all enterobacterial strains, except with Proteus mirabilis, which remained negative even with seven-times-higher cell amounts. With the pUB110 probe, all hybridizations yielded negative results.
DISCUSSION
The DNA sandwich hybridization is a rapid, quantitative and sensitive method for the demonstration of bacterial DNA either as purified DNA or from a crude mixture of lysed bacteria. In this work E. coli DNA, chosen as a model, was identified essentially on the basis of a single gene, i.e., the gene coding for the OmpA protein. The labeled probe reagent contained, in addition to the ompA fragment, a 1,500-bp c The counts per minute on pKTH45 filters after sandwich hybridization with 155,000 cpm of the cryptic E. coli DNA probe (see the text).
d The counts per minute on pKTH45 filters after sandwich hybridization with 195,000 cpm of the pUB110 probe.
e The counts per minute on pKTH45 filters from four parallel reactions without sample. The variation range was 106 to 112 cpm for ompA, 62 to 96 cpm for cryptic DNA, and 52 to 57 cpm for pUB110 DNA. stretch of cryptic E. coli DNA, which no doubt increased the sensitivity of the test by contributing to labeling of the hybrids.
The general hybridization conditions, which influence both the rate of the reaction and the background due to unspecific binding of the radioactive reagents, were previously studied (18a). The optimal conditions were adopted from that study to this bacterial detection system without further characterization. Because the hybridization kinetics are dependent on the concentrations of the DNA reagents, their optimal amounts were determined. The saturating number of DNA molecules on the filter was slightly higher than the corresponding amount in the viral test due to a 10-fold-smaller fragment of specific DNA. An approximately 60-fold excess of probe to sample was sufficient to maximal formation of labeled filter-bound hybrids, which is of the same order of magnitude as observed in the adenovirus study.
A (Fig. 4) . This decrease was not due to inhibition by the bacterial debris, because a corresponding quantity of unrelated bacteria, when lysed and denatured together with a standard amount of E. coli bacteria, did not inhibit the reaction (Table 2) . Neither was it due to competition from fragments of partly hydrolyzed mRNA. Possibly the phenomenon is due to an effect on hybridization kinetics. High concentrations of polyanions like dextran sulfate are known to affect the annealing rate (23) , and solubilized bacterial cell wall components may behave similarly. In the sandwich hybridization several annealing reactions take place simultaneously, and in contrast to the results of Wahl et al. (23) , dextran sulfate actually inhibited the sandwich hybridization at high sample concentrations (18a). That dextran sulfate or bacterial cell wall components would have a different effect with excess sample over probe (Fig. 4) as compared with the situation with a low sample concentration and excess probe ( A quite small number of bacterial species (6 species of Enterobacteriaceae and 13 other species) were tested in this model study. Nevertheless, the specificity of the hybridization was apparent. Only those bacteria became detected that contained sequences related to the E. coli ompA gene. It is clear that, when developing reagents for routine diagnostic use, the specificity of the reagents should be confirmed with a number of bacteria normally occurring in the specimens to be tested.
The sandwich hybridization was chosen for experimental microbial diagnostics for several reasons: (i) the crude nature of the sample does not seriously affect the reaction, (ii) once the reagents are prepared the test is easy to perform even in long series in a routine laboratory, (iii) the test is quantitative, and (iv) the test is reasonably sensitive. An important parameter was the specificity of the test. Would it be necessary to clone and select a specific pair of reagents for every organism, or can group-specific DNA fragments be found? In the adenovirus study a group-specific nucleic acid reagent was planned to be constructed from the gene for the group-specific hexon antigen. This gene from adenovirus type 2 was, however, found to be specific for the group C of adenoviruses, and it did not detect other adenovirus groups (M. Ranki, M. Virtanen, A. Palva, M. Laaksonen, R. F. Pettersson, L. Kaariainen, L. Halonen, and H. Soderlund, Curr. Top. Microbiol. Immunol., in press). The data obtained here by using the ompA gene from E. coli imply that it is possible to find group-specific nucleic acid reagents. The family Enterobacteriaceae is, however, too large for this single pair of reagents because in practical diagnostic work the distantly related species that are reliably detected only at high cell amounts (7 x 108) would usually escape notice. This study suggests that in general it is possible to construct reagents with which a larger bacterial group can be diagnosed by nucleic acid hybridization. No doubt, both the sandwich as well as the direct hybridization method will have a significant position in future microbial diagnostics.
